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Abstract 

The e l e c t r o n  paramagnet ic  resonance spectrum f o r  

24- SrCj  :La has  been observed between 1 .2 'K  and 40'K. A t  1'.2'K, 

t h e  dominant s t r u c t u r e  i s  a n i s o t r o p i c  and i s  described w i t h i n  

2 

exper imenta l  e r r o r  by second-order s o l u t i o n s  of  t h e  e f fec t ive  

Hamiltonian f o r  an i so la ted  E s t a t e  s p l i t  by l a r g e  random i n -  
g 

t e r n a l  s t r a i n s .  Coex i s t ing  w i t h  t h e  a n i s o t r o p i c  s t r u c t u r e  a t  

2 

tempera tures  between 1.2 'K and approximately 5'K i s  s t r u c t u r e  

whose p o s i t i o n  i s  i so t ropic  b u t  whose i n t e n s i t y  and l i n e w i d t h  are  

a n i s o t r o p i c  and v a r y  w i t h  tempera ture  and sample t r ea tmen t .  This  

s t r u c t u r e  i s  shown t o  r e s u l t  from rapid d i rec t  r e l a x a t i o n  between 

t h e  s t r a i n - s p l i t  v i b r o n i c  s ta tes .  A t  t empera tures  above approxi-  

mate ly  6'K, on ly  t h e  i s o t r o p i c  s t r u c t u r e  i s  observed. 

T Work suppor ted  by t h e  N a t i o n a l  Aeronaut ics  and Space Admin i s t r a t ion  

and t h e  Na t iona l  Science Foundation, 
\ 
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I. INTRODUCTION 

The instability of a symmetric nonlinear polyatomic complex 

in an orbitally degenerate state was demonstrated theoretically by 

Jahn and Teller’) in 1937, 

(1950-52) indicated that the effects of this instability could be 

conveniently divided into two categories, Either the complex 

2-4) Early experimental evidence 

spontaneously distorted and was stabilized in a configuration of 

lower symmetry (static Jahn-Teller effect), or the complex 

distorted but, instead of being stabilized, rapidly reoriented 

between several distorted configurations (dynamic Jahn-Teller 

effect). Anisotropic electron paramagnetic resonance (EPR) spectra 

characteristic of a static Jahn-Teller effect were first reported 

(1952) for Cu in trigonal sites of ZnSiF -6H 0 at temperatures 

2) 

2+ 
6 2  

in the liquid hydrogen range. Somewhat earlier, an isotropic EPR 

spectrum had been observed3) 

the same system and interpreted4) (1950) as a thermally-induced 

(1950) at elevated temperatures for 

reorientation of the complex between equivalent static distortions, 

a type of dynamic Jahn-Teller effect. Subsequently, both types of 

spectra have been reported for a number of systems. These 

investigations and other studies of the Jahn-Teller effect have 

been reviewed by Sturge’) (1967). 

4 

6-11) Recently, anisotropic EPR spectra have been observed 

which indicate the occurrence of another type of dynamic Jahn-Teller 
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e f f e c t  f o r  o rb i ta l  d o u b l e t s  a t  l i q u i d  helium tempera tures ,  The 

f irst  such spectrum w a s  r e p o r t e d  by Coffman 6-8) (1966) fo r  Cu2+ 

2 i n  MgO. S i m i l a r  spectra w e r e  reported fo r  Sc2+ i n  CaF and SrF  
2 

24- by' H6chli  and E s t l e ' )  (1967) and H s c h l i  lo) 

CaO by Coffman, Lyle ,  and Mattison'') (1968) 

(1967) and fo r  Cu i n  

I n t e r p r e t a t i o n s  of 

t h e s e  spectra w e r e  based on a s t r o n g  v ibronic-coupl ing  model i n  

which t h e  dynamic c h a r a c t e r  w a s  a t t r i b u t e d  t o  t u n n e l i n g  between 

e n e r g e t i c a l l y  e q u i v a l e n t  s t a t i c  d i s t o r t i o n s .  I n  each case an  

i s o t r o p i c  spectrum w a s  observed t o  c o e x i s t  w i t h  t h e  a n i s o t r o p i c  

spectrum a t  i n t e r m e d i a t e  tempera tures  (6'K-lOOK) and w a s  a t t r i b u t e d  

t o  thermal  p o p u l a t i o n  o f  t h e  excited " tunne l ing"  s i n g l e t .  This  

s t r o n g  v ibronic-coupl ing  " tunne l ing"  model had been developed 

(1963) and independent ly  by O'Brien ear l ier  by Bersuker 

(1964) e 

i5) 12-14) 

An a l t e r n a t i v e  exp lana t ion  for  t h e  low-temperature dynamic 

2 e f f e c t s  f o r  E states based on moderate v ibronic-coupl ing  has  been 

given by Ham 16,17) (1968)-  

observable f e a t u r e s  of EPR spectra t o  t h e  s t r e n g t h  of  t h e  v ib ron ic -  

I n  t h i s  work , Ham has  related t h e  

coupl ing.  I n  so doing he demonstrated t h a t  c e r t a i n  parameters 

i n  t h e  effective Hamiltonian w e r e  reduced from t h e i r  v a l u e s  as  

p red ic t edwi th  a s t a t i c  c r y s t a l  f i e l d  model, The r e d u c t i o n  f a c t o r ,  

q, i n t r o d u c e d  by Ham 

1 depending on whether  t h e  l i n e a r  v ibronic-coupl ing  t e r m  w a s  s t r o n g  

w a s  shown t o  have a v a l u e  between 16,17)  
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or weak, O'F3rienl5) had p r e v i o u s l y  shown' t h a t  i n  t h e  s t r o n g  

v ibronic-coupl ing  l i m i t  t h e  r e d u c t i o n  f a c t o r ,  q, could  be s l i g h t l y  

less than $ i f  n o n l i n e a r  v ibronic-coupl ing  t e r m s  w e r e  cons idered .  

I n  a d d i t i o n ,  Ham has  shown t h a t  l a r g e  random s t r a i n s  cou ld  16,17)  

cause t h e  unique l i n e  shapes observed i n  t h e  a n i s o t r o p i c  s p e c t r a  

and t h a t  r a p i d  r e l a x a t i o n  between t h e  s t r a i n - s p l i t  v i b r o n i c  states 

could  average  t h e  a n i s o t r o p i c  s p e c t r a  y i e l d i n g  i s o t r o p i c - s p e c t r a .  

Chase 18,19) (1969) r e c e n t l y  .proposed a t e s t ,  independent  

o f  H a m ' s  r e d u c t i o n  f a c t o r , f o r  t h e  presence  o f  a nearby e x c i t e d  

" tunne l ing"  s i n g l e t .  He p o i n t e d  o u t  t h a t  coup l ing  between t h e  

v i b r o n i c  s i n g l e t  and t h e  v i b r o n i c  d o u b l e t  ground s t a t e  (via t h e  

s t r a i n  and zeeman i n t e r a c t i o n s  i n  second-order) would r e s u l t  i n  

s e l e c t i v e  broadening o f  cer ta in  components i n  t h e  observed l i n e  

shape. Th i s  s e l e c t i v e  broadening would produce an a n i s o t r o p i c  

asymmetry i n  t h e  l i n e  shape and cou ld ,  i n  most cases, lead to 

an independent  d e t e r m i n a t i o n  of t h e  symmetry of  t h e  " tunne l ing"  

18 ,19)  

2+ 

s i n g l e t ,  A s  ev idence  f o r  t h i s  h y p o t h e s i s ,  Chase r e p o r t e d  

t h e  o p t i c a l l y  d e t e c t e d  EPR from an e x c i t e d  2E s ta te  of Eu i n  

CaF and SrF2. 2 
2-t 1 The p r e l i m i n a r y  EPR r e s u l t s  f o r  S r C R  :La , a 5d configu-  

2 
20,21) r a t i o n  impur i ty  i n  e i g h t - f o l d  c o o r d i n a t i o n ,  p r e s e n t e d  earlier 

w e r e  c o n s i s t e n t  w i t h  Ham's moderate v ibronic-coupl ing  model, 

The p r e s e n t  work r e p o r t s  a d d i t i o n a l  o b s e r v a t i o n s  f o r  t h i s  system 
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and a more complete a n a l y s i s  o f  t h e  spectrum observed between 

1.2'K and 40°K. The a n i s o t r o p i c  spectrum i s  i n t e r p r e t e d  us ing  

and second-order p e r t u r b a t i o n  16,17) Ham's effect ive Hamiltonian 

s o l u t i o n s  t o  t h i s  e f f e c t i v e  Hamiltonian account  f o r  t h e  observed 

effects i n  t h e  angu la r  dependence. I n  a d d i t i o n ,  t h e  i s o t r o p i c  

spectrum w i l l  be d i s c u s s e d  i n  g r e a t e r  de t a i l  than p r e v i o u s l y  21 1 

This  w o r k  r e p r e s e n t s  t h e  f i r s t  complete a n a l y s i s  i n  t e r m s  

of an effect ive Hamiltonian f o r  a 2E 

magnetic resonance spectrum fo r  an o r b i t a l  doub le t  e x h i b i t i n g  

a dynamic Jahn-Tel le r  e f f e c t .  

s ta te  of t h e  e l e c t r o n  para- 
53 

11. THElORY 

A. Moderate-Coupling Model 

The e l e c t r o n  paramagnet ic  resonance r e s u l t s  r e p o r t e d  h e r e  

are found t o  be e n t i r e l y  c o n s i s t e n t  w i t h  t h e  model i l l u s t r a t e d  

i n  Fig.  1, 
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2+ 2+ The La impur i ty  occupies  a S r  s u b s t i t u t i o n a l  s i t e  i n  t h e  

SrCA c rys ta l  ( f l u o r i t e  s t r u c t u r e ) ,  The s i t e  symmetry i s  cub ic  
2 ’  

( p o i n t  group 0 ) w i t h  e i g h t - f o l d  coord ina t ion .  The ground con- 

f i g u r a t i o n  of La i s  [xe]5d and. t h e  f r e e - i o n  ground t e r m  i s  a 

h 
2+ 1 

2 2 
D. The c u b i c  c r y s t a l  f i e l d  s p l i t s  t h e  D t e r m  as  shown i n  F ig .  1 

2 -I- + 2 o r  r i n t o  E or  F3 and 2T leve ls  w i t h  t h e  E l eve l  lowest .  
g 2g 5 4 

The c u b i c  c r y s t a l  f i e l d  s p l i t t i n g  A or  lODq i s  on t h e  o r d e r  of  

20,000 c m  . The ground v i b r o n i c  m u l t i p l e t  r e s u l t i n g  from moderate 

v ibronic-coupl ing  i s  a E v i b r o n i c  s t a t e  w i t h  t h e  f i r s t  e x c i t e d  

v i b r o n i c  s t a t e  roughly 200 c m  above t h e  ground s t a t e .  

-1 

2 
4 

-1 

-4 -5 As a r e s u l t  of random i n t e r n a l  s t r a i n s  (10 to  10 ) ,  t h e  

2+ ground v i b r o n i c  d o u b l e t  f o r  each L a  complex i s  s p l i t  i n t o  two 

K r a m e r s  d o u b l e t s  w i t h  an average s e p a r a t i o n ,  6 i n  F ig .  1, of 

-1 approximately 1 c m  . Due t o  a d i s t r i b u t i o n  i n  t h e  magnitude of 

the  s t r a i n ,  numerous pairs  o f  K r a m e r s  d o u b l e t s  w i t h  va ry ing  

s e p a r a t i o n  are  produced. For a g iven  v a l u e  of  6 ,  t h e  n a t u r e  o f  

each d o u b l e t  depends on t h e  r a t i o  of those  components o f  t h e  

s t r a i n  which produce t h e  s p l i t t i n g .  I n  an EPR experiment ,  t h e  s p i n  

degeneracy o f  each  K r a m e r s  d o u b l e t  i s  removed by t h e  a p p l i c a t i o n  

of an e x t e r n a l  magnet ic  f i e l d  and t r a n s i t i o n s  ( i l l u s t r a t e d  by arrows 

i n  F i g o  1) are s t i m u l a t e d  between t h e  s p i n  states.  The mag- 

n i t u d e  o f  t h e  zeeman s p l i t t i n g  f o r  each K r a m e r s  d o u b l e t  depends 

on t h e  s t r a in -de te rmined  n a t u r e  of t h e  doub le t ,  Hence t h e  observed  
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EPR l i n e  r e p r e s e n t s  a s u p e r p o s i t i o n  of many c l o s e l y  spaced 

t r a n s i t i o n s ,  i t s  shape determined by t h e  s t r a i n  d i s t r i b u t i o n .  

4 -1 Due t o  t h e  l a r g e  s t r a i n  coup l ine  (2x10 c m  ) , t h e r e  

e x i s t  r e l a x a t i o n  t r a n s i t i o n s  ( r e p r e s e n t e d  by wavy arrows i n  

Fig.  1) between t h e  s t r a i n - s p l i t  v i b r o n i c  states i n  a d d i t i o n  

to  t h e  conven t iona l  s p i n - l a t t i c e  r e l a x a t i o n  p rocesses .  This  

v i b r o n i c  r e l a x a t i o n  proceeds  by a d i rec t  process a t  l o w  

tempera tures  and i s  much more r a p i d  than  t h e  s p i n - l a t t i c e  

r e l a x a t i o n .  The rapid v i b r o n i c  r e l a x a t i o n  averages  components 

of t h e  a n i s o t r o p i c  spectrum y i e l d i n g  an i s o t r o p i c  spectrum. 

B. E f f e c t i v e  Hamiltonian 

The theo ry  f o r  t h e  dynamic Jahn-Tel le r  e f f e c t  r e s u l t i n g  

f r o m  moderate v i b r o n i c  coupl ing  between an o r b i t a l  d o u b l e t  and a 

16,17) two-fold degene ra t e  mode of v i b r a t i o n  w a s  developed by Ham 

I n  h i s  t r ea tmen t ,  Ham showed t h a t  t h e  ground v i b r o n i c  s t a t e  w a s  a 

doub le t  whose symmetry w a s  t h e  same as t h e  o r b i t a l  d o u b l e t  and 

t h a t  t h e  f i r s t  e x c i t e d  v i b r o n i c  s t a t e  would be o f  t h e  order of a 

-1 f e w  hundred c m  above t h e  ground s t a t e ,  Thus, t h e  ground s t a t e  

w a s  t reated as  an i so la ted  s t a t e  

formula ted  f o r  t h i s  s t a t e  

d i f f e r e n t  t e r m s  i n  t h e  effect ive 

w e r e  re la ted by Ham 16317) t o  t h e  

i n  t h e  effect ive Hamiltonian f o r  

16,17) 

and an e f f e c t i v e  Hamiltonian was 

The coupl ing  parameters f o r  t h e  

Hamiltonian f o r  t h e  ground v i b r o n i c  

cor responding  coup l ing  parameters  

t h e  o rb i t a l  s t a t e  determined 
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u s i n g  c r y s t a l  f i e l d  theo ry  ( ze ro  v i b r o n i c  coupl ing)  by t h e  r e d u c t i o n  

factors q and p. 

Operators connec t ing  t h e  v i b r o n i c  s ta tes  w i t h i n  t h e  2E 
g 

ground manifold may be w r i t t e n  i n  t e r m s  of f o u r  basic o p e r a t o r s  

which t ransform l i k e  t h e  components o f  t h e  i r r e d u c i b l e  r e p r e s e n t a -  

t i o n s ,  E xE = A +A +E . Only o p e r a t o r s  t ransforming  l i k e  t h e  
4 4  2g 4 

i r r e d u c i b l e  r e p r e s e n t a t i o n s  con ta ined  i n  t h e  direct  p r o d u c t  

E x E  may p o s s e s s  nonzero matrix elements  connec t ing  t h e  v i b r o n i c  
g g  

s ta tes  i n  t h e  E manifold.  Using as a basis v i b r o n i c  wavefunct ions 

which t ransform l i k e  3z2-r2 and n(x -y ) 

4 
2 2  ( t h e  €3 and 8 components 

of E r e s p e c t i v e l y ) ,  t h e  fou r  basic operators have t h e  fo l lowing  

matrix r e p r e s e n t a t i o n :  (The upper r i g h t  hand m a t r i x  e lement  i n  

each operator cor responds  t o  t h e  (el81 G )  element . )  

g 

(1) 

where (2 Q2, and are v i b r o n i c  o p e r a t o r s  t r ans fo rming  
1’ € 

r e s p e c t i v e l y  l i k e  t h e  A t h e  A and t h e  8 and E: components of 

t h e  E i r r e d u c i b l e  r e p r e s e n t a t i o n s  of t h e  p o i n t  group 0 

effect ive Hamiltonian f o r  t h e  E manifold c o n s i s t s  of i n v a r i a n t  
g 

l i n e a r  combinat ions o f  p roduc t s  of  s p i n  o p e r a t o r s ,  v i b r o n i c  

l g  ’ 2g ’ 
An h’ g 

2 

o p e r a t o r s ,  and components of f i e lds .  
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An ef fec t ive  Hamiltonian r e p r e s e n t i n g  t h e  s t r a i n  and Zeeman 

i n t e r a c t i o n s  i s  

where e = 2e  -e -e and e = D(e -e ) are those  components 
8 22 xx yy 8 xx YY 

2 2  2 2  H and of t h e  s t r a i n  t ransforming  l i k e  32 -r and P ( x  -y . ) ;  Hx’ y’  

H are components of  t h e  magnetic f i e l d  w i t h  r e s p e c t  to t h e  c u b i c  
2 

axes ;  S S and S are  s t anda rd  s p i n  o p e r a t o r s  

and qVs, glpl and $ qg p are c o e f f i c i e n t s  r e p r e s e n t i n g  t h e  

s t r e n g t h  o f  t h e  i n d i v i d u a l  i n t e r a c t i o n s .  The r educ t ion  f a c t o r  

x’ y’ Z 

2 

q i s  i n c l u d e d  e x p l i c i t l y  so  t h a t  one can u s e  t h e  

Vs, gl, and g d e r i v e d  for  t h e  E o r b i t a l  s t a t e  

f i e l d  theo ry .  

2 
2 g 

expres s ions  f o r  

u s ing  s t a t i c  c r y s t a l  

Assuming t h a t  t h e  s t r a i n  i n t e r a c t i o n  de te rmines  t h e  admixture 

of t h e  v i b r o n i c  s ta tes ,  one o b t a i n s  t h e  fo l lowing  s o l u t i o n  (see 

Appendix A )  : 

where & refer t o  t h e  two K r a m e r s  doub le t s .  

The f u n c t i o n s  f and f are d e f i n e d  i n  t h e  fo l lowing  manner: 1 2 

2 2 2  = (3n -1)coscp + ,,/Y(A -m )sincp 
f l  

1 2  1 2 2  f2 = b -t- q ( 3 n  -1)cos  2cp - 4 &f ( A  -m )sincp 
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t h e  a n g l e  cp i s  determined by t h e  r a t i o  of e t o  e ice. 
€ e’ 

tancp = e /e ( 5 )  e .  e 

and 1, m, and n are t h e  d i r e c t i o n  c o s i n e s  of t h e  magnet ic  f i e l d  

w i t h  respect t o  t h e  c u b i c  axes .  The EPR t r a n s i t i o n s  occur  a t  

qg2 qg2 2 -* 
- - - y l  dz (-If1 + (-1 f2] H* g18 g1 g1 

From Eqs. (4), (5)  and ( 6 ) ,  i t  i s  appa ren t  t h a t  t h e  p o s i t i o n  

of t h e  EPR l i n e s  depends n o t  on t h e  magnitude of t h e  s t r a i n  a t  t h e  

s i t e  b u t  merely on t h e  d i s t r i b u t i o n  of  t h e  s t r a i n  between t h e  e 

and e components, i . e .  upon cp. 

0 

Ham 16y17) has shown t h a t  i f  one 
e 

assumes t h a t  each EPR l i n e  i s  a d e l t a  f u n c t i o n  and t h a t  every  

va lue  of cp i s  e q u a l l y  p robab le ,  then  one o b t a i n s  t h e  s t r a i n  

envelope,  correct t o  f i r s t - o r d e r  i n ( q g  /g) ,  i l l u s t r a t e d  i n  Fig.  2a. 
2 1  

This  may be seen  by expanding Eq. (6)  t o  o b t a i n  t h e  f i r s t - o r d e r  

s o l u t i o n  given by Eq. ( 7 ) .  

‘H = -[l hv 7 $(-)fl] qg2 - hv qg2 - - [l 7 (-) f cos (cp-a)] 
f s,@ 41  g1@ 41  

(7 1 

I n  Eq. ( 7 ) ,  f ,  cp, and a are defined i n  t h e  fo l lowing  manner 

e 2 2  
€ 3 ( &  -m ) t a n  a = J- 
0 (3n -1) e 2 t a n  cp = - 

2 2  2 2  2 2  Q f = [1-3(R m +m n +n fi 11 



11 0 

The extrema of  t h e  s t r a i n  envelope a r e  l o c a t e d  a t  t h e  s a m e  

p o s i t i o n  as t h e  two EPR l i n e s  p r e d i c t e d  by a z e r o - s t r a i n  s o l u t i o n  

( i S e e  c o s ( q 4 )  = 21) .) The e f f e c t  of  l a r g e  i n t e r n a l  s t r a i n  on t h e  

observed EPR spectrum i s  to  d i s t r i b u t e  t h e  EPR l i n e s  between t h e  

two extrema of t h e  s t r a i n  envelope,  How t h e s e  l i n e s  are 

d i s t r i b u t e d  i s  determined by t h e  d i s t r i b u t i o n  i n  $, which normally 

i s  uniform b u t  which i n  any even t  i s  determined by how t h e  s t r a i n  

is d i s t r i b u t e d  between t h e  e, and eE components. 

The e f f e c t s  o f  t h e  i n h e r e n t  wid th  o f  each EPR l i n e  on t h e  

shape o f  t h e  f i r s t - o r d e r  s t r a i n  envelope w e r e  e v a l u a t e d  numer i ca l ly  

and t y p i c a l  r e s u l t s  are shown i n  F igs .  2b and 2c. I t  i s  appa ren t  

from Fig.  2 c  t h a t  t h e  l o c a t i o n  of t h e  extrema of t h e  s t r a i n  

envelope are n o t  s imply r e l a t e d  t o  t h e  z e r o  c r o s s i n g s  i n  a f i r s t  

derivative p r e s e n t a t i o n .  The fo l lowing  procedure  was formula ted  

i n  which t h e  l o c a t i o n  of t h e  extrema w e r e  r e l a t e d  t o  t h e  p o s i t i o n  

o f  t h e  f o u r  f e a t u r e s  o f  t h e  s t r a i n  envelope labeled by H 

and H i n  F ig .  2c: 4 1 2  3 4  

low f i e l d  extremum w a s  l o c a t e d  a t  H 

f i e l d  extremum w a s  l o c a t e d  a t  H 

p r o p e r l y  l o c a t e d  t h e  extrema o f  t h e  s t r a i n  envelope,  independent  

of  t h e  assumed width  o r  assumed shape (Lorentz ian  o r  Gaussian o r  

a mixture  of bo th )  o f  t h e  EPR l i n e s  compris ing t h e  s t r a i n  

envelope. 

1 9  H29 H3 

(1) determine  fH -H 1 and \H -H f : ( 2 )  t h e  

1 
1 5 1  
1 

+ - /H -H$ ( 3 )  t h e  h igh  

Th i s  procedure  - -1H -H I. 4 5 3 4  
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Combining Eq. ( 2 )  w i t h  an effect ive Hamiltonian f o r  t h e  

hype r f ine  i n t e r a c t i o n  one ob ta ins :  

+ f i  (I s - I S  , &  ] 
x x  Y Y  E: 

(9) 

Q,, E,, a n d & E  are t h e  v i b r o n i c  operators d e f i n e d  i n  Eq. (1); 

H, g ,  and ? are r e s p e c t i v e l y  the  magnet ic  f i e l d ,  t h e  e l e c t r o n i c  s p i n  angu 
-w 

l a r  momentum, and t h e  n u c l e a r  s p i n  angu la r  momentum. .The c o e f f i c i e n t s  

qVs,  glB, $qg2p, Al,  and =$jqA r e p r e s e n t  t h e  s t r e n g t h  o f  t h e  d i f -  
2 

f e r e n t  i n t e r a c t i o n s  w i t h  t h e  r e d u c t i o n  factor  inc luded  e x p l i c i t l y ,  

so  t h a t  glB, *g 8 ,  Alland *A 

parameters f o r  t h e  E o r b i t a l  s t a t e  d e r i v e d  us ing  c r y s t a l  f i e l d  

theory .  By t ransforming  t h i s  Hamiltonian t o  a new c o o r d i n a t e  system 

(x ' ,  y ' ,  z ' )  such t h a t  t h e  z '  a x i s  i s  para l le l  t o  t h e  applied mag- 

n e t i c  f i e l d  and assuming t h a t  qg2/g1, qA /A 

would correspond t o  t h e  coup l ing  
2 2 

g 
2 

and A /g BH are s m a l l ,  
2 1' 1 1  

t h e  fo l lowing  s o l u t i o n  i s  ob ta ined ,  c o r r e c t  t o  second-order 

assuming t h a t  t h e  s t r a i n  i n t e r a c t i o n  de te rmines  t h e  admixture  of  

v i b r o n i c  s ta tes .  (See Appendix B) : 



f’ f 1 3  
The f u n c t i o n s  g and f 4  are d e f i n e d  by 

f39 

2 4 2  
2 2  2 1 2 4  m +3n ( l+n  )-6n 2 2 2  2 2 2  

s i n  cp 8 - +m I n  cos  cp - 34B(A mm I n  sin2cp-t f3 - 8 1 6  

2 - s i n  cp 2 3rii2-m2) 2+4n21 3 , , / 7 ( ~ ~ - m ~ )  ( l + n  
32 32 sin2cp + 

2 2 2  
9 ( a  +m cos cp + - 

f4  - 32 

(11) 

From Eq. (10)  it can be seen  t h a t  t h e  h y p e r f i n e  i n t e r a c t i o n  

produces 2 I + l  s t r a i n  envelopes ,  each  o f  which i s  s i m i l a r  

t o  t h e  s t r a i n  envelope d i s c u s s e d  p r e v i o u s l y  f o r  t h e  s t r a i n  and 

Zeeman i n t e r a c t i o n  and i l l u s t r a t e d  i n  F ig .  2. 

111. EXPERIMENT 

A .  Sample P r e p a r a t i o n  

The s i n g l e  c r y s t a l s  of SrCA doped w i t h  La  employed i n  t h i s  2 

i n v e s t i g a t i o n  w e r e  grown from t h e  m e l t  by a ver t i ca l  Bridgman 

technique ,  The SrCR powder w a s  dr ied by h e a t i n g  under vacuum f o r  

f i v e  days a t  approximately 500°C. C a r e f u l l y  dried S r C R 2  and LaCR3 

powders w e r e  sealed i n  a n  evacuated  q u a r t z  ampoule which w a s  then 

2 
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lowered a t  a r a t e  of  2 c m  per day through a Bridgman fu rnace  

o p e r a t i n g  a t  a maximum temperature  of  925'C. S i n g l e  c r y s t a l  growth 

w a s  f a c i l i t a t e d  by t h e  p re sence  of  a s h a r p  tempera ture  g r a d i e n t  

e s t a b l i s h e d  by a c y l i n d r i c a l  copper i n s e r t .  The c r y s t a l s  o f  

SrCR :La produced by t h i s  technique  w e r e  o p t i c a l l y  clear b u t  

e x h i b i t e d  a s t r o n g  b l u e  f luo rescence  when exposed t o  n e a r  u l t r a -  

2 

0 

v i o l e t  r a d i a t i o n  (X = 366011). 

E l e c t r o n  paramagnet ic  resonance w a s  n o t  d e t e c t e d  i n  t h e  "as 

grown" SrCh :La c r y s t a l s  i n d i c a t i n g  t h a t  t h e  La  impur i ty  e n t e r e d  

t h e  SrCb2 l a t t i c e  predominant ly  i n  t h e  t r i v a l e n t  s t a t e ,  La 

c o n f i g u r a t i o n ) .  The f i rs t  method chosen t o  produce t h e  desired 

2 
34- 

([Xe] 

d i v a l e n t  charge  s t a t e  w a s  h e a t i n g  i n  s t r o n t i u m  vapor .  Th i s  

s e l e c t i o n  proved f o r t u n a t e  f o r  t h e  i n v e s t i g a t i o n  of t h e  effects of 

random i n t e r n a l  s t r a i n s  and v i b r o n i c  r e l a x a t i o n  phenomena. 

The La3' w a s  reduced by load ing  SrCJ2:La c r y s t a l s  and S r  

c u t t i n g s  i n t o  q u a r t z  ampoules i n  a d r y  n i t r o g e n  atmosphere. The 

ampoules w e r e  then  evacuated ,  s e a l e d ,  and i n s e r t e d  i n t o  a fu rnace  

o p e r a t i n g  a t  a tempera ture  o f  59OoC, removed a f te r  t i m e s  va ry ing  

from 5 t o  45 minutes ,  and quenched i n  g l y c e r i n e .  The appearance 

of t h e  c r y s t d l s  w a s  a l t e r e d  by t h i s  r e d u c t i o n  procedure  from 

o p t i c a l l y  clear t o  opaque w i t h  a b r i g h t  black metal l ic  sheen. 

S t rong  e l e c t r o n  paramagnet ic  resonance s i g n a l s  w e r e  observed,  

Heat ing a t  h i g h e r  tempera tures  o r  f o r  l onge r  t-imes r e s u l t e d  i n  
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samples which f r a c t u r e d  e a s i l y ,  i n d i c a t i n g  t h e  presence  of ve ry  

l a r g e  i n t e r n a l  s t r a i n s ,  These s e v e r e l y  s t r a i n e d  samples e x h i b i t e d  

e i t h e r  very w e a k  o r  no observable EPR. 

The s t a b i l i t y  of t h e  charge  s t a t e  produced by t h i s  vapor- 

r e d u c t i o n  t echn ique  w a s  demonstrated by annea l ing  reduced c r y s t a l s  

a t  2OO0C fo r  s i x  hours  w i t h  no appa ren t  decrease i n  t h e  s t r e n g t h  o f  

t h e  EPR s i g n a l ,  Subsequent ly ,  r e d u c t i o n  has  been accomplished 

137 us ing  y r a y s  f r o m  a h i g h  f l u x  

a t  room temperature  w i t h  a dose of 7x10 R a d s ,  t h e  c r y s t a l s  changed 

from o p t i c a l l y  clear t o  a d a r k  b l u e  co lo r .  The observed EPR 

spectrum w a s  i d e n t i c a l  w i t h  t h a t  o b t a i n e d  from vapor-reduced 

samples. The La charge  s t a t e  produced by y - i r r a d i a t i o n  decayed 

r a p i d l y  a t  room tempera ture  b u t  cou ld  be s t a b i l i z e d  a t  77'K. 

C s  source .  A f t e r  y - i r r a d i a t i o n  

6 

2-t 

B. Procedure 

The e l e c t r o n  paramagnet ic  resonance spectrum w a s  observed 

us ing  a reflection-homodyne spectrometer o p e r a t i n g  a t  a frequency 

of 8.9 GHz. The observed  t r a n s i t i o n s  d id  n o t  s a t u r a t e  e a s i l y ,  

hence t h e  spectrometer w a s  o p e r a t e d  wi th  approximately one m i l l i w a t t  

of power i n c i d e n t  on t h e  c a v i t y  fo r  optimum performance. 

mode r e c t a n g u l a r  c a v i t y  102 

J 

The samples w e r e  mounted i n  a TE 

u t i l i z i n g  t h e  i n t e r s e c t i o n  o f  two (1111 c leavage  p l a n e s  t o  a l i g n  

a (110) axis  p e r p e n d i c u l a r  t o  t h e  p l a n e  of r o t a t i o n  of t h e  applied 
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magnetic f i e ld .  Th i s  o r i e n t a t i o n  p e r m i t t e d  o b s e r v a t i o n s  o f  t h e  

EPR spectrum a long  each of t h e  t h r e e  p r i n c i p a l  c r y s t a l l o g r a p h i c  

d i r e c t i o n s  by s imply r o t a t i n g  t h e  a p p l i e d  magnetic f i e l d .  Pre-  

c i s i o n  a l ignment  w a s  ach ieved  by an independent  r o t a t i o n  of  t h e  

c r y s ' t a l  i n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  p l a n e  of r o t a t i o n  o f  t h e  

applied magnet ic  f i e l d .  

I V .  EXPERIMENTAL RESULTS AND ANALYSIS 

A. A n i s o t r o p i c  Spectrum 

The EPR spectrum observed a t  1.2'K f o r  a SrCR2:La sample 

reduced i n  S r  vapor f o r  5 minutes  i s  shown i n  Fig.  3 f o r  t h e  t h r e e  

high-symmetry d i r e c t i o n s ,  ( l o o ) ,  (ill), and  (110). The spectrum 

observed a t  each o r i e n t a t i o n  w a s  composed of e i g h t  components, each 

w i t h  a l i n e  shape resembl ing  t h a t  of t h e  s t r a i n  envelope i l l u s -  

t ra ted  i n  F ig .  2c .  The extrema. f o r  each of  t h e  e i g h t  components 

are  p lo t t ed  on a h o r i z o n t a l  scale below each  trace; t h e  upper 

bars locate  t h e  l o w - f i e l d  s e t  o f  extrema and t h e  lower bars l o c a t e  

t h e  h i g h - f i e l d  s e t  o f  extrema. The dashed v e r t i c a l  l i n e s  l o c a t e  

t h e  p o s i t i o n s  of t h e  e i g h t  components observed f o r  t h e  (111) 

o r i e n t a t i o n  

For t h e  applied magnet ic  f i e l d  o r i e n t e d  pa ra l l e l  t o  a (100) 

c r y s t a l l o g r a p h i c  d i r ec t ion ,  t h e  d i f f e r e n c e  i n  magnetic f i e l d  

p o s i t i o n  between 



t h e  two extrema f o r  each o f  t h e  e i g h t  components w a s  a maximum 

as seen i n  Fig.  3a. For t h e  a p p l i e d  f i e l d  para l le l  t o  a (111) 

d i r e c t i o n ,  Fig.  3b, a more convent iona l  l i n e  shape i s  observed as 

t h e  t w o  extrema f o r  each component co inc ide .  F igu re  3c shows t h e  

spectrum observed f o r  a (110) o r i e n t a t i o n  of t h e  applied f i e ld .  

The p o s i t i o n s  of t h e  extrema of each  component of t h e  

spectrum w e r e  observed t o  ag ree  w i t h  t h e  p r e d i c t i o n s  of Eqs. (10) 

and  (11) for  1 = 7/2 ( t h e  nuc lea r  s p i n  f o r  t h e  99.91% n a t u r a l l y  

abundant La isotope i s  712) and c o s 4  = 21, T h i s  comparison 139  

w a s  complicated by t h e  problem o f  l o c a t i n g  t h e  a c t u a l  extrema of 

each component. Using t h e  procedure o u t l i n e d  i n  Sec t ion  IIB, t h e  

l o c a t i o n s  of t h e  extrema w e r e  determined as a f u n c t i o n  of t h e  

o r i e n t a t i o n  of t h e  a p p l i e d  f i e l d  i n  a (110) p lane  and are shown i n  

Fig.  4 by t h e  open circles.  The angu la r  dependence i n  F ig .  4 i s  

dominated by t h e  f i r s t - o r d e r  t e r m s  i n  Eqs. (10) and (11) b u t  t h e  

o b s e r v a t i o n  t h a t  t h e  average  o f  t h e  p o s i t i o n  o f  t h e  extrema f o r  

each component a t  any o r i e n t a t i o n  does n o t  l i e  on a h o r i z o n t a l  

l i n e  drawn through t h e  p o s i t i o n  of t h e  cor responding  component 

a t  t h e  (111) o r i e n t a t i o n  i n  Fig.  4 i n d i c a t e s  t h a t  second-order 

t e r m s  must a l s o  be inc luded .  

The effect ive Hamiltonian parameters l i s t ed  i n  Table I 

w e r e  o b t a i n e d  by a least  squa res  f i t  of t h e  p o s i t i o n s  of 

t h e  extrema f o r  t h e  (100) spectrum t o  t h e  fo l lowing  expres s ion  
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which r e s u l t s  from Eqs, (10) and (11) p a r t i c u l a r i z e d  for  $11 (100) 

The a l g e b r a i c  s i g n  o f  one parameter i s  determined i n  t e r m s  o f  t h e  

s i g n s  of t h e  o t h e r  t h r e e  parameters. Using t h e  parameters determined 

i n  t h i s  manner, t h e  angu la r  dependence of t h e  extrema w a s ' c a l c u l a t e d  

us ing  Eqs, (10) and (11) and i s  shown by t h e  s o l i d  cu rves  i n  F ig .  4. 

This  agreement i s  w i t h i n  exper imenta l  u n c e r t a i n t y  b u t  a f i rs t -  

order a n a l y s i s  w a s  no t .  

Upon c a r e f u l  examinat ion o f  t h e  spectra i n  Fig.  3 ,  two 

a d d i t i o n a l  q u a l i t a t i v e  f e a t u r e s  w e r e  noted: (1) t h e  e i g h t  components 

i n  t h e  (111) spectrum a p p a r e n t l y  d id  n o t  have t h e  same l inewid th ,  

and (2)  t h e  p o s i t i v e  peak i n  t h e  f i r s t  derivative p r e s e n t a t i o n  

of a b s o r p t i o n  vs. magnet ic  f i e l d  l o c a t e d  n e a r  t h e  low-f ie ld  

extremum appeared more i n t e n s e  than  t h e  n e g a t i v e  peak n e a r  t h e  

h i g h - f i e l d  extremum fo r  t h e  same component. 

Equat ions (10) and (11) predict  t h a t  w i t h  t h e  f i e l d  a l i g n e d  

a long  a (111) d i r e c t i o n ,  t h e  extrema f o r  each  component o f  t h e  

spectrum shou ld  e x a c t l y  c o i n c i d e  and hence t h e  spectrum should  

c o n s i s t  of e i g h t  l i n e s  of equa l  i n t e n s i t y  and w i t h  e q u a l  l i n e w i d t h s ,  

Th i s  w a s  n o t  observed even though t h e  c rys ta l  w a s  c a r e f u l l y  a l i g n e d  

us ing  t w o  o r thogona l  r o t a t i o n s .  The d i f f e r e n c e s  i n  l i n e w i d t h s  are 
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believed due t o  mosaic s t r u c t u E e ,  i , e . ,  t h e  (1119 d i r e c t i o n  for  

one La2+ s i t e  d i f fe rs  s l i g h t l y  from t h a t  of ano the r  La2+  s i te ,  

W e  have found t h a t  second-order effects of t h e  Zeeman 

i n t e r a c t i o n  can cause  an asymmetry i n  t h e  s t r a i n  envelope shown 

i n  Fig.  2 c 3  i . e . ,  t h e  p o s i t i v e  peak nea r  t h e  low-f ie ld  extremum 

would be s h a r p e r  than t h e  n e g a t i v e  peak nea r  t h e  h i g h - f i e l d  

extremum i n  a f i r s t - d e r i v a t i o n  p r e s e n t a t i o n .  This  asymmetry d i f fe rs  

i n  t h a t  t h e  p o s i t i v e  peak nea r  18,19) f r o m  t h a t  r e p o r t e d  by chase  

t h e  low-field extremum i s  always sha rpe r  t han  t h e  n e g a t i v e  peak. 

This  p r e d i c t e d  a s y h e t r y  i s  c o n s i s t e n t  w i t h  t h e  data such as t h a t  

i n  F igs .  3a and 3c. 

B. I s o t r o p i c  Spectrum 

I n  samples reduced i n  S r  vapor  for  t i m e s  l onge r  than  5 

minutes ,  an i s o t r o p i c  e i y h t - l i n e  p a t t e r n  which co -ex i s t ed  w i t h  t h e  

a n i s o t r o p i c  p a t t e r n  p r e v i o u s l y  d i s c u s s e d  w a s  observed a t  

tempera tures  as low as  1.2'K. The tempera ture  dependence o f  t h e  

p a t t e r n  for  a sample reduced f o r  30 minutes  i s  shown i n  F igs .  5 

and 6 f o r  t h e  (110) and t h e  (100) o r i e n t a t i o n s  r e s p e c t i v e l y .  The 

extrema of t h e  a n i s o t r o p i c  p a t t e r n  are l o c a t e d  by t h e  v e r t i c a l  bars 

on t h e  h o r i z o n t a l  scale a t  t h e  bottom o f  t h e  f i g u r e  and t h e  

t r a n s i t i o n s  i n  t h e  i s o t r o p i c  p a t t e r n  are  l o c a t e d  by t h e  dashed 

ve r t i ca l  l i n e s .  Each of t h e  t r a n s i t i o n s  i n  t h e  i so t ropic  p a t t e r n  

i s  l o c a t e d  approximately half-way between t h e  t w o  extrema 

of t h e  cor responding  a n i s o t r o p i c  component. 
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It i s  appa ren t  t h a t  t h e  p o s i t i o n s  of t h e s e  l i n e s  are  approximately 

t h e  s a m e  as t h e  e i g h t  components of t h e  (111) a n i s o t r o p i c  spectrum i n  

F ig .  3b. The spectra observed a t  6'K for  a (110) and a (111) o r i e n -  

t a t i o n  of t h e  applied magnetic f i e l d  are shown i n  F ig ,  7.  I n  F ig .  8 ,  

t h e  (110) spectrum observed a t  4.2'K f o r  samples reduced w i t h  S r  

vapor for  30 minutes ,  15  minutes ,and 5 minutes  r e s p e c t i v e l y  are  

shown ( i n  r e f e r e n c e  2 1  F ig .  3 w a s  i n c o r r e c t l y  labeled a (100) o r i e n -  

t a t i o n  whereas i t  w a s  a c t u a l l y  (110) ) .  Again the  extrema o f  t h e  

a n i s o t r o p i c  p a t t e r n  are  l o c a t e d  by ver t ica l  bars on a scale 

a t  t h e  bottom of t h e  f i g u r e  and t h e  i s o t r o p i c  l i n e s  are located by 

t h e  dashed ve r t i ca l  l i n e s .  The fo l lowing  c h a r a c t e r i s t i c s  of  t h e  i s o -  

t r o p i c  p a t t e r n  w e r e  noted:  (a) t h e  appa ren t  i n t e n s i t y  (peak t o  peak 

ampli tude i n  f i rs t  derivative p r e s e n t a t i o n )  of each component o f  t h e  

i s o t r o p i c  p a t t e r n  i n c r e a s e s  approximately l i n e a r l y  w i t h  tempera ture  

between 1.2'K and 4.2'K, F igs .  5 and 6; (b) t h e  p o s i t i v e  and n e g a t i v e  

peaks o f  t h e  a n i s o t r o p i c  p a t t e r n  located n e a r  t h e  extrema appear t o  

broaden w i t h  i n c r e a s i n g  tempera ture ,  F igs .  5 and 6; (c) t h e  a p p a r e n t  

i n t e n s i t i e s  of  t h e  i s o t r o p i c  l i n e s  decrease w i t h  i n c r e a s i n g  f i e l d ,  

F igs .  5, 6 ,  and 7 ;  (d) t h e  a p p a r e n t  i n t e n s i t i e s  o f  t h e  i s o t r o p i c  

l i n e s  i n c r e a s e  as t h e  f i e ld  approaches a (111) o r i e n t a t i o n ,  F i g s .  5 ,  

6 and 7 ;  (e) t h e  a p p a r e n t  i n t e n s i t y  of t h e  components of t h e  i s o t r o p i c  

p a t t e r n  w i t h  i n c r e a s i n g  t i m e  of  r e d u c t i o n  w i t h  S r  vapor ,  F ig ,  8; 

( f )  t h e  peaks i n  t h e  a n i s o t r o p i c  p a t t e r n  broaden w i t h  i n c r e a s i n g  

t i m e  o f  r e d u c t i o n  w i t h  S r  vapor ,  
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Two e x p l a n a t i o n s  f o r  t h i s  i s o t r o p i c  p a t t e r n  have been advanced: 

(1) t h e  i s o t r o p i c  p a t t e r n  i s  due t o  t r a n s i t i o n s  w i t h i n  an excited 

6-11,18 , 19) v i b r o n i c  s t a t e  , and (2 )  t h e  i s o t r o p i c  p a t t e r n  i s  due t o  

averaging  of a p o r t i o n  of t h e  a n i s o t r o p i c  spectrum caused by rapid 

r e l a x a t i o n  between t h e  s t r a i n - s p l i t  components of t h e  ground 

16,17,20 , 21) v i b r o n i c  s ta te  

The c o n d i t i o n  for  averaging  by r e l a x a t i o n  i s  t h a t  t h s  relaxa- 

t i o n  ra te  for  p r o c e s s e s  of t h e  t y p e " i n d i c a t e d  i n  Fi.g. 

arrows must s a t i s f y  t h e  followiiig r e l a t i o n  

1 by wavy 

22-24) 

I 

For a system e x h i b i t i n g  E! dynamic Jahn-Tel le r  e f fec t  f o r  an o r b i t a l  

doub le t ,  random s t r a i n s  cause  t h e  c h a r a c t e r i s t i c  l i n e  shape d i s -  

cussed i n  S e c t i o n  I1 and i l l u s t r a t e d  i n  F ig .  2, This  composite 

l i n e  i s  t h e  r e s u l t  of a l a r g e  number of  ove r l app ing  l i n e s  due t o  

t r a n s i t i o n s  w i t h i n  t h e  s t r a i n - s p l i t  E ground v i b r o n i c  s ta tes .  

I n  f i r s t - o r d e r ,  t h e s e  t r a n s i t i o n s  occur  i n  pairs  symmetr ical ly  

placed. abou t  t h e  c e n t e r  of t h e  envelope,  Thus, i f  T # 0 f o r  

t h e s e  v i b r o n i c  r e l a x a t i o n  processes, then  Eq.  (13) i s  sa t i s f ied  

for  those  t r a n s i t i o n s  o c c u r r i n g  s u f f i c i e n t l y  c l o s e  t o  t h e  c e n t e r  

2 
g 

-1 

of t h e  envelope and averaging  of t h e s e  t r a n s i t i o n s  w i l l  occur  as 

i l l u s t r a t e d  i n  F i g ,  9 e 
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The extrema o f  each  component o f  t h e  a n i s o t r o p i c  p a t t e r n  

va ry  as a f u n c t i o n  of t h e  o r i e n t a t i o n  of t h e  a p p l i e d  f i e l d  

accord ing  t o  E q s ,  (10) and (11) and t h e r e f o r e  produce a change 

in .  t h a t  p o r t i o n  of  each component of t h e  a n i s o t r o p i c  p a t t e r n  

s a t i s f y i n g  Eq. (13) .  The i n t e n s i t y  o f  each l i n e  i n  t h e  isotropic  

p a t t e r n  w i l l  t hen  va ry  as a f u n c t i o n  o f  t h e  a p p l i e d  magnet ic  

f i e l d  o r i e n t a t i o n ,  i . e .  as t h e  f i e l d  approaches a (111) o r i e n t a -  

t i o n ,  t h a t  p o r t i o n  o f  each component of  t h e  a n i s o t r o p i c  p a t t e r n  

s a t i s f y i n g  Eq.  (13) i n c r e a s e s  producing a cor responding  i n c r e a s e  

i n  t h e  i n t e n s i t y  o f  t h e  l i n e s  i n  t h e  i s o t r o p i c  p a t t e r n .  This  

v a r i a t i o n  w a s  observed  i n  F i g s .  5 and 6. 

For a g e n e r a l  o r i e n t a t i o n  of t h e  applied f i e l d ,  t h e  d i f f e r e n c e  

i n  f i e l d  p o s i t i o n  between t h e  extrema f o r  each  component of  t h e  

a n i s o t r o p i c  p a t t e r n  i n c r e a s e s  w i t h  magnetic f i e l d ,  see Fig .  4 

( t h e  e x c e p t i o n a l  o r i e n t a t i o n  be ing  t h e  (111)). A s  a r e s u l t ,  t h a t  

p o r t i o n  of each component of t h e  a n i s o t r o p i c  p a t t e r n  s a t i s f y i n g  

Eq. (13) decreases w i t h  i n c r e a s i n g  magnetic f i e l d  producing a 

corresponding decrease i n  t h e  i n t e n s i t y  of t h e  l i n e s  i n  t h e  

i so t ropic  p a t t e r n .  T h i s  v a r i a t i o n  i s  seen  i n  F igs .  5 and  6 b u t  

i s  most s t r i k i n g  i n  F i g ,  7. . -  

The components of t h e  i s o t r o p i c  p a t t e r n  w e r e  observed t o  

i n c r e a s e  i n  a p p a r e n t  i n t e n s i t y  w i t h  i n c r e a s i n g  temperature .  A t  t h e  

same t i m e  t h e  peaks i n  t h e  a n i s o t r o p i c  p a t t e r n  w e r e  observed  t o  
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broaden w i t h  i n c r e a s i n g  temperature .  This  broadening of t h e  peaks 

of t h e  components of t h e  a n i s o t r o p i c  p a t t e r n  i n d i c a t e d  t h a t  t h e  

i n d i v i d u a l  l i n e s  composing t h e  components w e r e  broadening as t h e  

tempera ture  inc reased .  Th i s  broadening i s  a r e s u l t  o f  t h e  rapid 

v i b r o n i c  (Am = 0) r e l a x a t i o n  between t h e  s t r a i n - s p l i t  levels. 
S 

Ham 17) has  d i s c u s s e d  t h r e e  r e l a x a t i o n  p r o c e s s e s  (a d i r ec t ,  a 

Raman, and an  Orbach p rocess )  which could  produce zveraging  by re- 

l a x a t i o n .  The r e l a x a t i o n  ra tes  f o r  t h e s e  p r o c e s s e s  are c h a r a c t e r -  

i z e d  by d i f f e r e n t  tempera ture  dependences. Measurements D f  t h e  

appa ren t  i n t e n s i t i e s  o f  t h e  components o f  t h e  i s o t r o p i c  p a t t e r n  

i n d i c a t e d  an approximately l i n e a r  tempera ture  dependence between 

1 .2OK and 4 .2OK,  (see F i g s .  5 and 6) . This  i m p l i e s  t h a t  t h e  r e l a x a t i o n  

ra te ,  T , i n c r e a s e s  approximately l i n e a r l y  w i t h  temperature  and i n  -1 

this way i n c r e a s e s  t h a t  p o r t i o n  o f  each of t h e  components o f  t h e  

a n i s o t r o p i c  p a t t e r n  which average.  This  l i n e a r  v a r i a t i o n  o f  t h e  

r e l a x a t i o n  r a t e  i s  c h a r a c t e r i s t i c  of a d i r ec t  p rocess .  A t  tempera- 

t u r e  nea r  6'K, t h e  a n i s o t r o p i c  components o f  t h e  La 
2-l- spectrum are  

broadened beyond d e t e c t i o n .  This  i m p l i e s  t h a t  a t  t h i s  tempera ture ,  

t h e  r e l a x a t i o n  rate,  T , i s  on t h e  o r d e r  o f  t h e  d i f f e r e n c e  i n  -1 

f requency between t h e  extrema f o r  t h e  h i g h - f i e l d  component o f  t h e  
-0 

p a t t e r n  for  H pa ra l l e l  t o  a (100) d i r e c t i o n .  Above 1 O 0 K ,  t h e  

appa ren t  i n t e n s i t y  of  each l i n e  i n  t h e  i s o t r o p i c  p a t t e r n  w a s  observed  

t o  be independent  of magnetic f i e l d  o r i e n t a t i o n  and each l i n e  w a s  

observed t o  have t h e  same, l inewidth  implying t h a t  t h e  ave rag ing  o f  
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t h e  a n i s o t r o p i c  components of t h e  spectrum w a s  complete,  Th i s  

rapid change i n  T between approximately 6OK and l O o K  probably  -1 

implies t h e  o n s e t  of  t h e  o t h e r  r e l a x a t i o n  processes, 

For t h e  d i r ec t  p r o c e s s ,  t h e  expres s ion  for  t h e  r e l a x a t i o n  

ra te  i n  t h e  long wavelength l i m i t  16,171 is 

5 
[l -t- -(-) l c o t h  2 k ~  

3 2 

4 5  
-1 36 W s I  2 'T 6 

sL 
7 =  

T lOnh ps 

where 6 i s  t h e  s t r a i n  s p l i t t i n g  (see Fig.  l), qV i s  t h e  
s 

L 
s t r a i n  coupl ing  parameter, p i s  t h e  c r y s t a l  d e n s i t y ,  and s and s 

T 

are  r e s p e c t i v e l y  t h e  t r a n s v e r s e  and l o n g i t u d i n a l  speed o f  sound. 

-1 
The dependence o f  t h e  r e l a x a t i o n  r a t e ,  T , on 6 o f f e r s  an obvious 

exp lana t ion  f o r  t h e  observed  dependence of t h e  i n t e n s i t y  of  t h e  

i s o t r o p i c  p a t t e r n  r e l a t i v e  t o  t h e  a n i s o t r o p i c  p a t t e r n  (see Fig .  8) 

on t h e  t i m e  each sample was reduced by S r  vapor.  The longe r  t h e  

samples w e r e  s u b j e c t e d  t o  t h e  vapor ,  t h e  more s e v e r e l y  t h e  c r y s t a l s  

w e r e  s t r a i n e d  i n t e r n a l l y .  The d i rec t  p r o c e s s  a l o n e  i s  c h a r a c t e r -  

i z e d  by a r e l a x a t i o n  ra te  dependent on 6, This  conclus ion  i s  con- 

s i s t e n t  w i t h  l a t e r  o b s e r v a t i o n s  t h a t  t h e  i s o t r o p i c  p a t t e r n  i n  

samples reduced us ing  y r a d i a t i o n  w a s  comparable t o  t h a t  seen  i n  

samples reduced w i t h  S r  vapor f o r  t i m e s  on t h e  o r d e r  of 5 minutes.  

I n  a d d i t i o n ,  EPR w a s  n o t  observed  f o r  samples reduced i n  S r  vapor 

fo r  t i m e s  l onge r  than  about  40 minutes and t h e s e  samples e a s i l y  

f r a c t u r e d  i n d i c a t i n g  v e r y  l a r g e  i n t e r n a l  s t r a i n s  e 
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C, Other F e a t u r e s  

With t h e  applied magnet ic  f i e l d  o r i e n t e d  i n  a (111) d i r e c t i o n ,  

seven a d d i t i o n a l  l i n e s  were observed a t  1.2'K and a t  h igh  ga in .  

Each o f  t h e s e  l i n e s  occur red  approximately halfway between one 

of t h e  seven pairs  of a d j a c e n t  components o f  t h e  a n i s o t r o p i c  

p a t t e r n .  Due t o  t h e  angu la r  v a r i a t i o n  o f  t h e  a n i s o t r o p i c  p a t t e r n ,  

t h e s e  l i n e s  w e r e  observed o n l y  n e a r  a (111) o r i e n t a t i o n .  The p o s i t i o n ,  

l o w  i n t e n s i t y ,  and 

AmS = fl, AmI = A 1  

i s  i n  p r o g r e s s  and 

Between l l ' ~  

number o f  t h e s e  l i n e s  are c h a r a c t e r i s t i c  o f  

t r a n s i t i o n s .  An a n a l y s i s  of t h e s e  t r a n s i t i o n s  

t h e  r e s u l t s  w i l l  be r e p o r t e d  i n  a forthcoming paper. 

and 16'K, a s i n g l e  l i n e  nea r  g = 2 w a s  observed 

to  co-exist w i t h  t h e  i s o t r o p i c  p a t t e r n  d i s c u s s e d  i n  t h e  p rev ious  

s e c t i o n ,  F ig .  10. This  l i n e  i n c r e a s e d  i n  appa ren t  i n t e n s i t y  as 

t h e  temperature  i n c r e a s e d ,  and nea r  16'K it began t o  dominate t h e  

spectrum. A t  about  20°K, t h i s  l i n e  began t o  broaden b u t  w a s  

observed t o  approximately 40'K. Above t h i s  tempera ture ,  EPR w a s  

n o t  observed.  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  a s i m i l a r  l i n e  occur s  

Th i s  l i n e  w a s  observed i n  samples reduced for  Sc complexes 

us ing  y r a d i a t i o n  and S r  vapor and w i l l  be s t u d i e d  i n  d e t a i l  i n  

l a t e r  i n v e s t i g a t i o n s ,  

9'10)e 24- 
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V. IMPLICATIONS OF THE MODERATE VIBRONIC-COUPLING MODEL 

I n  S e c t i o n  I I B ,  t h e  coupl ing  parameters used i n  t h e  e f fec t ive  

Hamiltonian ( i .e-  glp, *qg2p, Al ,  QqA2,  and qV ) i nc luded  H a m ’ s  

r e d u c t i o n  f a c t o r  

S 

1) 423 q e x p l i c i t l y ,  Hence t h e  parameters  g 16,17)  

and V would be c h a r a c t e r i s t i c  of t h e  2E o r b i t a l  s t a t e  w i t h  
A 1 ,  A 2 ¶  S g 
ze ro  v ibronic-coupl ing  and could  then  be c a l c u l a t e d  u s i n g  c r y s t a l  

f i e l d  theory .  To f i rs t -order  i n  x / A ,  c r y s t a l  f i e l d  theo ry  pre- 

dicts  t h a t  t h e s e ’ p a r a m e t e r s  are given by t h e  fo l lowing  expres s ions :  

-3 g 4 34 x A2 = -2p(r  ) [- I -  - -3 I 7  7 A  

-3 The parameters 1, A ,  p ,  ( r  ), 1-1, I ,  and are r e s p e c t i v e l y  t h e  

Russell-Saunders s p i n - o r b i t  coupl ing  parameter, t h e  c u b i c  c r y s t a l  

f i e l d  s p l i t t i n g ,  t h e  Bohr magneton, t h e  d i p o l e  moment and s p i n  of 

t h e  La  nuc leus ,  and t h e  Fermi c o n t a c t  hype r f ine  parameter. 139 

Using t h o s e  va lues  f o r  t h e  parameters g I, qg2,  A1, and qA2 l i s t e d  

i n  Table I and Eqs. (15-18),  i t  is p o s s i b l e  t o  

o b t a i n  estimates for  some of t h e  more basic parameters ( i . e e  A ,  q ,  

-1 21- ) a s s o c i a t e d  w i t h  t h e  model f o r  SrCR :La , A l ,  6 ,  and 7 2 
i l l u s t r a t e d  i n  F ig .  1, 

r 



t 

The r a t i o  X / A  w a s  e s t i m a t e d  us ing  t h e  parameter g l i s t e d  1 

i n  Table I and Eq .  (15) .  This  r a t i o ,  approximately .031, t o g e t h e r  

w i t h  t h e  s p i n - o r b i t  parameter X fo r  t h e  L a  f r ee - ion ,  approximate- 

ly 650 c m  as  predicted f r o m  t h e  f r ee - ion  f i n e - s t r u c t u r e  s p l i t t i n g  

f o r  t h e  ground 2D t e r m 2 4 ) ,  implied t h a t  t h e  cub ic  c r y s t a l  f i e l d  

s p l i t t i n g  1 0  Dq o r  A i n  F ig .  1 w a s  on t h e  o r d e r  of  21,000 c m  . 

2+ 

-1 

-1 

The a c t u a l  c r y s t a l  f i e l d  s p l i t t i n g  i s  expec ted  t o  be somewhat 

less due t o  t h e  r e d u c t i o n  of  X f r o m  i t s  f r ee - ion  v a l u e ,  b u t  

20,000 c m  should  be a r easonab le  o r d e r  of magnitude estimate. -1 

From E q .  (16), t h e  va lue  of  t h e  parameters qg i n  Table I 
2 

and X/A determined above, a v a l u e  f o r  q on t h e  o r d e r  of  .57 f .02  

i s  implied. Together w i t h  t h e  r a t i o  A1/qA approximately 6.36, 

Eqs. (17) and (18), and X / A  determined above, t h i s  va lue  f o r  q 

2)  

i m p l i e s  t h a t  t h e  Fe rmi  c o n t a c t  hype r f ine  parameter i s  on  t h e  

o r d e r  of  2.5. This  i s  ample evidence f o r  a p p r e c i a b l e  c o n f i g u r a t i o n  

i n t e r a c t i o n  or  c o r e  p o l a r i z a t i o n  which i s  t o  be expec ted  f o r  i o n s  

w i t h  an incomplete  5d s h e l l  . 25) 

The d e v i a t i o n  o f  t h e  r e d u c t i o n  f a c t o r  observed  from t h e  

v a l u e  implies  t h a t  t h e  Jahn-Tel le r  energy E i s  on t h e  o r d e r  

of -53 %w, where f t w  corresponds  t o  t h e  average  energy o f  t h e  

J T  

Typ ica l  v a l u e s  o f  &w f o r  
2. 

op t i ca l  mode o f  v i b r a t i o n  f o r  SrCR 

f l u o r i t e  s t r u c t u r e s  are  on t h e  o r d e r  o f  300 c m  , t hus  -1 

-1 E 160 c m  I n  a d d i t i o n  t h e  r a t i o  E / h w  .53 i m p l i e s  t h a t  J T  J T  
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t h e  f i r s t  excited v i b r o n i c  s t a t e  i s  

t h e  ground s ta te .  Thus, t h e  ground 
r\ 

-1 l o c a t e d  s o m e  180 c m  above 

v i b r o n i c  d o u b l e t  should  behave 

l i k e  an i s o l a t e d  'E 

obse rva t ions .  

s t a t e ,  a conclus ion  c o n s i s t e n t  w i t h  ou r  
4 

I n  S e c t i o n  IVB,  t h e  a n i s o t r o p i c  p a t t e r n  w a s  observed  t o  

broaden beyond d e t e c t i o n  i n  t h e  tempera ture  range 4 .2 'K  t o  10'K. 

-1 
This  impl ied  t h a t  t h e  r e l a x a t i o n  ra te  f o r  t h e  d i r ec t  process T 

w a s  on t h e  order of 1 . 5 ~ 1 0  H z ,  t h e  approximate d i f f e r e n c e  i n  9 

f requency between t h e  extrema of t h e  h igh  f i e l d  component o f  t h e  

a n i s o t r o p i c  p a t t e r n  f o r  2 I \  (100) .  

Jahn-Tel le r  energy and t h e  s t r a i n - c o u p l i n g  parameter V d e r i v e d  

16,17) t o  o b t a i n  q V  2 1 . 6 ~ 1 0  c m  , t h e  approximate speeds by Ham 

of sound s 6x10 cm/sec and s %' 3x10 c m / E e c  f o r  S r C C  t h e  

approximate r e l a x a t i o n  r a t e  T 25 1.5~10 Hz a t  7'K, and Eq.  (14), 

one p r e d i c t s  a t y p i c a l  s t r a i n - s p l i t t i n g  6 on t h e  o r d e r  o f  one 

c m  . Since  most c r y s t a l s  have i n t e r n a l  s t r a i n s  on t h e  o r d e r  of 

LOw4 t o  such a s t r a i n - s p l i t t i n g  i s  n o t  s u r p r i s i n g .  Thus 

w i t h  a s t r a i n - s p l i t t i n g  on t h e  o r d e r  o f  1 c m  , t h e  r e l a x a t i o n  

r a t e  predicted f o r  t h e  d i r ec t  p r o c e s s  i s  c o n s i s t e n t  w i t h  ou r  

o b s e r v a t i o n s .  Indeed a t  tempera tures  on t h e  o r d e r  of 1 .2 'K  where 

t h e  i s o t r o p i c  p a t t e r n  beg ins  t o  emerge, t h e  d i r e c t  p r o c e s s  i s  

Using t h e  r e l a t i o n  between t h e  

S 

4 -1 

5 5 

-1 9 

S 

L T 2' 

-1 

-1 

expected t o  be dominant. 



V I ,  SUMMARY AND CONCLUSIONS 

The EPR spectrum for  SrCR :La2' has  been 

f u p c t i o n  of tempera ture  between 1.2 'K and 40'K 

of sample t rea tment .  I n  a l l  samples a t  1.2'K, 

2 
observed as a 

and as  a f u n c t i o n  

t h e  spectrum w a s  

observed t o  c o n s i s t  of t h r e e  d i s t i n c t  p a t t e r n s :  (1) an i n t e n s e  

eight-component a n i s o t r o p i c  p a t t e r n ,  (2 )  a weak e i g h t - l i n e  i s o t r o p i c  

p a t t e r n ,  and (3)  a ve ry  weak seven- l ine  p a t t e r n .  The 

i n t e n s i t y  of t h e  e i g h t - l i n e  i s o t r o p i c  p a t t e r n  r e l a t i v e  t o  t h e  

eight-component a n i s o t r o p i c  p a t t e r n  was observed t o  va ry  w i t h  

t h e  t i m e  of r e d u c t i o n  w i t h  S r  vapor.  Between 1 .2 'K and 4.2'K, 

t h e  i n d i v i d u a l  t r a n s i t i o n s  composing each envelope i n  t h e  an i so -  

t r o p i c  p a t t e r n  w e r e  observed t o  broaden w i t h  i n c r e a s i n g  tempera ture  

wh i l e  t h e  i n t e n s i t y  of  each of t h e  e i g h t  i s o t r o p i c  l i n e s  i n c r e a s e d  

approximately l i n e a r l y  w i t h  temperature .  N e a r  6'K, t h e  components 

of  t h e  a n i s o t r o p i c  p a t t e r n  w e r e  broadened beyond de tec t ion .  

Between 6'K and approximately lO 'K on ly  t h e  e i g h t - l i n e  i s o t r o p i c  

p a t t e r n  w a s  observed. Between approximately l O ' K  and 30°K, t h e  

l i n e s  i n  t h e  e i g h t - l i n e  i s o t r o p i c  pa t t e rn  w e r e  observed t o  

broaden w h i l e  a s i n g l e  l i n e  near  g = 2 emerged. T h i s  s i n g l e  

i s o t r o p i c  l i n e  w a s  observed between approximately 15  OK and 40 OK 

and a t  tempera ture  g r e a t e r  than 40°K, no EPR w a s  seen.  
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The l i n e  shapes of t h e  i n d i v i d u a l  components o f  t h e  a n i s o t r o p i c  

p a t t e r n  seen  a t  1 .2OK w e r e  c h a r a c t e r i s t i c  of l a r g e  random i n t e r n a l  

s t r a i n s .  The extrema o f  t h e s e  components w e r e  

adcuracy u s i n g  second-order s o l u t i o n s  of H a m ' s  

i n  Hamiltonian f o r  an i s o l a t e d  E s t a t e  2 16,17) 
4 

f i t  w i t h i n  exper imenta l  

effective 

cub ic  symmetry. 

The parameks r e s u l t i n g  from t h i s  f i t  are l i s t e d  i n  Table I. I n  

a d d i t i o n  to l a r g e  random i n t e r n a l  s t r a i n s ,  t h e  SrCi2:La2+. c r y s t a l s  

showed some evidence of mosaic s t r u c t u r e .  The ve ry  weak seven- l ine  

p a t t e r n  i s  believed due to Am = &l fo rb idden  t r a n s i t i o n s  

be d i s c u s s e d  i n  a forthcoming paper .  

I 

From t h e  v a r i a t i o n  of t h e  appa ren t  i n t e n s i t y  of  t h e  

and w i l l  

components 

i n  t h e  e i g h t - l i n e  i s o t r o p i c  p a t t e r n  w i t h  tempera ture ,  sample 

t r ea tmen t ,  and applied f i e l d  o r i e n t a t i o n ,  we  conclude t h a t  t h i s  p a t t e r n  

i s  due t o  averaging  o f  a p o r t i o n  of t h e  a n i s o t r o p i c  p a t t e r n  caused 

by rapid d i r ec t  r e l a x a t i o n  between t h e  random s t r a i n - s p l i t  com- 

ponents  of t h e  E ground v i b r o n i c  s ta te .  S i m i l a r  p a t t e r n s  r e p o r t e d  

for  o t h e r  complexes '-lo 

effect  have been i n t e r p r e t e d  as due t o  thermal  p o p u l a t i o n  of nearby 

2 
4 

"') e x h i b i t i n g  a dynamic Jahn-Tel le r  

e x c i t e d  " tunne l ing"  s i n g l e t ,  b u t  none o f  t h e  above c h a r a c t e r i s t i c s  

of t h i s  p a t t e r n  are c o n s i s t e n t  w i t h  t h i s  " tunnel ing"  s i n g l e t  

hypo thes i s  e 

I n  conc lus ion ,  w i t h  t h e  p o s s i b l e  excep t ion  of t h e  i s o t r o p i c  

2-k l i n e  nea r  g = 2 ,  a l l  f e a t u r e s  of t h e  EPR spectrum f o r  SrCR :La 
2 



are understood based on t h e  assumption t h a t  t h e  ground s t a t e  f o r  

t h e  paramagnet ic  complex i s  a 2E s t a t e  and no o t h e r  s t a t e  i s  c l o s e  
4 

i n  energy, 

Hamiltonian 

The r e d u c t i o n  o f  c e r t a i n  parameters i n  the  e f f e c t i v e  

2 2-t f r o m  v a l u e s  predicted fo r  a E o r b i t a l  s ta te  o f  La 
4 

us ing  c r y s t a l  f i e l d  theo ry  implies t h a t  t h e  ground s t a t e  i s  a 

v i b r o n i c  s t a t e  and t h e  p r e d i c t i o n s  of H a m ' s  moderate v ib ron ic -  

coupl ing  model l6,l7) are c o n s i s t e n t  w i t h  ou r  observa t ions :  
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APPENDIX A: SOLUTION FOR THE EFFECTIVE HAMILTONIAN 

O F  EQUATION 2 

Consider  t h e  e f fec t ive  Hamiltonian of Eq. ( 2 )  p a r t i t i o n e d  

into KO and X g iven  by Eqs. ( A l )  and (242). 1 

Assuming t h a t  t h e  s t r a i n  i n t e r a c t i o n  X d e t e r m i n e s  t h e  admixture  

of t h e  10) and I C )  v i b r o n i c  states one o b t a i n s  t h e  t w o  e igen-  

f u n c t i o n s  i n  Eq. (A3). 

0 

(A31 

I n  t h i s  h igh  s t r a i n  l i m i t ,  t h e  coup l ing  between t h e  I + )  and I - )  
s t a tes  may be n e g l e c t e d  and t h e s e  v i b r o n i c  s t a t e s  may be t r e a t e d  

independent ly .  The o p e r a t o r  f o r  t h e  Zeeman i n t e r a c t i o n  X f o r  t h e  

I+) s t a t e  i s  g iven  by Eq. (A4) and X fo r  t h e  I - )  s t a t e  i s  g iven  

by Eq, ( A S ) .  

1 

1 
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The Zeeman i n t e r a c t i o n s  i n  E q s .  (A4)  and (A5) may be r e p r e s e n t e d  

i n  t e r m s  of t h e  coup l ing  t e n s o r s  g and g i n  t h e  fo l lowing  manner 
-3- -- 

-+ -- 
where t h e  components o f  t h e  coup l ing  t e n s o r s  g and g are g iven  by 

- gqg (-coscp + f i  sincp) f 
gxx - g1 2 

g* = g1 4 +qg2(-coscp - JT s in91  
YY 

= o  st - Et: 
gxy - gyx 

4 

Choosing t h e  a x i s  of q u a n t i z a t i o n  f o r  S i n  Eq. ( A 6 )  pa ra l l e l  t o  

t h e  v e c t o r  H=g and i n  Eq. (A7)  para l le l  t o  Hog one o b t a i n s  t h e  
-t ""+ 4 -- 

fo l lowing  e n e r g i e s  

4 &Et: The s c a l a r s  [ H o g  1 are g iven  by 
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& 
ii when g are  given by E q ,  ( A 8 ) ,  H i s  t h e  magnitude o f  t h e  

magnetic f i e l d  and A ,  m, and n are t h e  d i r e c t i o n  c o s i n e s  of t h e  

applied magnet ic  f i e l d  w i t h  respect t o  t h e  c u b i c  axes. S u b s t i t u t i o n  

of .Eq. ( A 8 )  i n t o  Eq .  ( A l O ) ,  s i m p l i f y i n g ,  and then  s u b s t i t u t i n g  i n t o  

E q .  ( A 9 )  y i e l d s  E q .  ( 3 ) .  

APPENDIX B: SOLUTION FOR THE EFFECTIVE HAMILTONIAN 

OF EQUATION 9 

Consider t h e  e f f e c t i v e  Hamiltonian of  E q .  ( 2 )  p a r t i t i o n e d  

i n t o  KO and X1 given by E q s .  ( B l )  and (B2) 

Assuming t h a t  t h e  admixture  o f  t h e  v i b r o n i c  s ta tes  16) and 18)  are 

determined by X 

1 -) states  given i n  E q ,  

one o b t a i n s  t h e  e i g e n f u n c t i o n s  f o r  t h e  I+) and 

The coupl ing  between t h e  1 +) and 

0 

(A3) 

I-) states  may be n e g l e c t e d  i n  t h i s  h igh  s t r a i n  l i m i t  and t h e s e  

s ta tes  may be treated independent ly ,  The Hamiltonian X f o r  t h e  1 



3 5 .  

1.) s t a t e  i s  given i n  Eq. (B3) and f o r  t h e  I - )  s t a t e  i n  Eq, ( B 4 ) .  

- 9 - 9  e-+ + A 1.S + $qA2[(31 S -1-S)coscp f fi(I S -I S )sincp] 
1 z z  x x  Y Y  

- - 4 - 0  

Kl = gl@HsS - +qg2@ [ (3HZSZ-H-S)coscp 4- D ( H  S -H S )sincp] x x  Y Y  

- 9 -  4-9 

-I- A 1 - S  - *qA2[(31 S -1-S)coscp -t- &,F(I S -I S .)sincp] 
x x  Y Y  1 z z  

Computing t h e  r e l a t i o n s  between t h e  components of  t h e  v e c t o r s  
4 - 9  -9 

S ,  H,  and I w i t h  respect t o  t h e  c u b i c  a x i s  system (x ,y , z )  and 

t h e  components of t h e  s a m e  v e c t o r s  w i t h  respect t o  a new c o o r d i n a t e  

system ( x ' , y ' , z ' )  whee  t h e  z '  a x i s  i s  chosen pa ra l l e l  t o  t h e  

magnetic f i e l d  v e c t o r ,  t h e  x '  a x i s  i s  chosen pe rpend icu la r  t o  

z '  a x i s  i n  t h e  xy p l a n e ,  and t h e  y '  a x i s  i s  chosen t o  complete 

a r ight-handed o r thogona l  t r i a d  w i t h  x '  and z '  one o b t a i n s  t h e  

fo l lowing  l i n e a r  t r ans fo rma t ion .  

C a A  -Ib 
S u b s t i t u t i n g  for  t h e  components of S ,  H, and I w i t h  respect t o  

t h e  (x ,y ,z )  c o o r d i n a t e  system i n  Eqs, ( B 3 )  and (B4) t h e  c o r r e c t  
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4 - P  4 

combinations of t h e  components of S, H, and I w i t h  respect t o  t h e  

(x' , y '  ,z ' )  c o o r d i n a t e  system determined u s i n g  Eq. (B5) and 

s i m p l i f y i n g  y i e l d s  t h e  fo l lowing:  

The f u n c t i o n  f w a s  d e f i n e d  i n  E q ,  (11) and t h e  primed r a i s i n g  and 

lowering operators are d e f i n e d  by Eq. (B7)  

1 
1 

= S  + i s  
I+ x i  Y '  s + I  XI Y '  

= I  + i J  

(B7 1 

S = S  - i s  
x i  Y '  X' Y '  - 8  

I = I  - i I  
- 8  

w i t h  t h e  f u n c t i o n s  f 4  and f 5  d e f i n e d  by Eq. 

2 2  
f4  = $  [?+  2 i y  sincp 

2 imn (k2-m2)  (1i-n 

4 Y  
c 2  - 

- 
2 

iY 
f5 - 

- coscp 4 i  

2 
a- coscp 8 ] sincp - 

w i t h  y = [ A  2 +m 232 3 . S u b s t i t u t i n g  t h e  s t a n d a r d  s p i n  o p e r a t o r s  i n  
-3 ", 

Eq.. (B6) assuming b o t h  S and I are quan t i zed  a long  t h e  z B  axis ,  

computing t h e  e n e r g i e s  f o r  t h e  s ta tes  t o  second o r d e r  and computing 

t h e  EPR t r a n s i t i o n  f r e q u e n c i e s  us ing  t h e  s e l e c t i o n  r u l e s  

Am, = hl, AmI = 0 ,  one o b t a i n s  Eq. (B9). 



- 1  2 
. ( A + - q A f )  2 

1 4  2 1  
hv* f 3 ) B H  ’ [T. 2g,@H 

I I 

2 

+ (qA2) glBH ‘“1 
, 2 

2 (CIA2) 

A1 f 3  
( I ( I + l ) - m I  ) + (A1 rt: bqA f + 

2 1  

The f u n c t i o n s  f f and f w e r e  d e f i n e d  i n  Eq .  (11). So lv ing  f o r  

t h e  magnet ic  field p o s i t i o n s  of t h e  t r a n s i t i o n s  one o b t a i n s  Eq. ( 1 0 ) .  

1’ 3 4 
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TABLE I 

2+ 
EFFECTIVE HAMILTONIAN PARAMETE RS FOR SrCR :La 

p a r a m e t e r  V a l u e  A c c u r a c y  

1.8808 f .0005 41 

’ qg2 - -0687 f -0005 

-4 -1 
A1(10 crc ) -119.5 f .25 

57 f - 0 2  
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FIGURE CAPTIONS 

24- Fig .  1 A schematic  energy l e v e l  diagram f o r  t h e  La  complex 

2 -  
observed i n  SrCR 

Fig.  2 The EPR l i n e  shapes predicted i n  f i r s t -order  by Eq. (7)  

assuming a l l  v a l u e s  of cp (de f ined  i n  Eq. ( 5 ) )  occur  w i t h  

e q u a l  p r o b a b i l i t y :  (a)  Each t r a n s i t i o n  i n  t h e  envelope 

i s  assumed t o  be a de l t a  f u n c t i o n  of magnetic f i e l d ;  (b) 

Each t r a n s i t i o n  i n  t h e  envelope i s  a gauss ian  f u n c t i o n  

of magnetic f i e l d  w i t h  a l i n e w i d t h  equa l  t o  1/10 of 

t h e  s e p a r a t i o n  between t h e  extrema; and (c) A f i r s t -  

d e r i v a t i v e  p r e s e n t a t i o n  of t h e  envelope i n  p a r t  (b) .  

F i g .  3 The EPR spectrum observed (v = 8.9 GHz) a t  1 .2 'K f o r  a 

SrCR2:La sample reduced w i t h  S r  vapor f o r  5 minutes .  

The f i rs t  der ivat ive o f  a b s o r p t i o n  i s  shown v e r s u s  

magnet ic  f i e l d  f o r  t h e  t h r e e  h igh  symmetry d i r e c t i o n s :  

(a) The ex- 

t r e m a  of t h e  components o f  t h e  spectrum are l o c a t e d  by 

ver t ical  bars on a h o r i z o n t a l  scale below each trace. 

\l(lOO), (b) 2 \1(111), and (c) 3 l / ( l l O ) .  

The dashed v e r t i c a l  l i n e s  l o c a t e  t h e  p o s i t i o n  of each 

of t h e  e i g h t  components observed fo r  % (111) (. 
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F i g ,  4 The angu la r  dependence of t h e  extrema of  each component 

of t h e  a n i s o t r o p i c  p a t t e r n  observed f o r  SrCR :La2' a t  
2 

1.2'K i s  shown as a f u n c t i o n  of t h e  a p p l i e d  magnet ic  f i e l d  

o r i e n t e d  i n  a 110 p lane .  The open c i rc les  denote  t h e  

measured p o s i t i o n s  of extrema. The s o l i d  l i n e s  w e r e  

predicted by E q s .  (10) and (11) u s i n g  t h e  parameters  

I >  

l i s t e d  i n  Table I. 

Fig .  5 The EPR l i n e  shape i n  f irst-order w i t h o u t  (a) and w i t h  

(b) rapid v i b r o n i c  r e l a x a t i o n  (Am = 0)  between t h e  
S 

s t r a i n - s p l i t  s ta tes .  The a b s o r p t i o n  i s  shown v e r s u s  

magnet ic  f i e l d  w i t h  t h e  extrema of t h e  envelope l o c a t e d  

by t h e  v e r t i c a l  l i n e s .  The r e l a x a t i o n  r a t e  f o r  t h e  

processes caus ing  averaging  i s  denoted by T . The 

effect ive g v a l u e s  f o r  t h e  extrema c o n t a i n  t h e  f u n c t i o n  

-1 

f d e f i n e d  i n  Eq. (8.). 

Fig .  6 The tempera ture  dependence o f  t h e  EPR spectrum observed 

(v = 8.9 GHz) f o r  a (100) o r i e n t a t i o n  of t h e  applied 

f i e l d  f 0 r . a  SrCR :La sample reduced 30 minutes  w i t h  S r  

vapor: (a) T = 4,2'K, (b) T = 3.O0K, and (c) T = 1.8 'K.  

2 

The f i r s t  d e r i v a t i v e  of  a b s o r p t i o n  i s  shown v e r s u s  mag- 

n e t i c  f i e l d .  The extrema o f  t h e  a n i s o t r o p i c  p a t t e r n  a r e  

l o c a t e d  by ver t ica l  b a r s  on a h o r i z o n t a l  scale a t  t h e  

bottom of  t h e  f i g u r e ,  The dashed ver t ica l  l i n e s  locate 

t h e  p o s i t i o n  of t h e  e i g h t  i s o t r o p i c  l i n e s .  
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Fig .  7 The tempera ture  dependence o f  t h e  EPR spectrum observed 

(v = 8.9 GHz) f o r  a (110) o r i e n t a t i o n  o f  t h e  a p p l i e d  

f i e l d  f o r  a SrCg2:La sample reduced for  30 minutes  w i t h  

S r  vapor:  (a) T = 4.2'K, (b) T = 3.0°K, and (c) T = 1.8'K. 

' The f i r s t  d e r i v a t i v e  of  a b s o r p t i o n  i s  shown v e r s u s  

magnet ic  f i e l d .  The extrema of  t h e  a n i s o t r o p i c  p a t t e r n  

are l o c a t e d  by v e r t i c a l  bars on a h o r i z o n t a l  scale 

a t  t h e  bottom o f  t h e  f i g u r e .  The dashed v e r t i c a l  l i n e s  

locate  t h e  p o s i t i o n  of t h e  e i g h t  i s o t r o p i c  l i n e s .  

F ig .  8 The EPR spectrum observed (v = 8.9 GHz) for SrCfi2:La2+ rxt 

approximately 6'K f o r  (a) 

The f i rs t  d e r i v a t i v e  o f  a b s o r p t i o n  i s  shown v e r s u s  

(110) and (b) 2 //(111). 

magnet ic  f i e l d .  

F ig .  9 The EPR spectrum observed (v = 8.9 GHz) a t  4.2'K and a t  

a (110) o r i e n t a t i o n  of t h e  applied magnetic f i e l d  f o r  

SrCg :La samples reduced i n  S r  vapor f o r  (a )  30 minutes ,  

(b) 15  minutes ,  and (c) 5 minutes.  The f i r s t  d e r i v a t i v e  

of a b s o r p t i o n  i s  shown v e r s u s  magnet ic  f ie ld ,  The ex- 

trema of t h e  components o f  t h e  a n i s o t r o p i c  p a t t e r n  are  

located by ve r t i ca l  b a r s  on t h e  h o r i z o n t a l  scale 

below t h e  traces. The i s o t r o p i c  l i n e s  are  l o c a t e d  by 

t h e  dashed v e r t i c a l  l i n e s .  

2 
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Fig .  10  The tempera ture  dependence of t h e  EPR spectrum observed 

2+ (v = 9.3 GHZ) f o r  SrCR :La samples a t  a (111) 2 

o r i e n t a t i o n  of t h e  a p p l i e d  magnet ic  f i e l d :  (a )  T = l l ° K 2  

(b) T = 160K2 (e) T = 2 1 ° K 2  and (d)  T = 31°K. The 

f i r s t  d e r i v a t i v e  of a b s o r p t i o n  i s  shown v e r s u s  magnet ic  

f i e l d .  
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